A method for calibrating the force gradients and probe magnetic moment in phase-contrast magnetic force microscopy ͑MFM͒ is introduced. It is based upon the combined electrostatic force microscopy EFM and MFM images of a conducting non magnetic metal strip. The behavior of the phase contrast in EFM is analyzed and modeled as a finite area capacitor. This model is used in conjunction with the imaging data to derive the proportionality constant between the phase and the force gradient. This calibration is further used to relate the measured MFM images with the field gradient from the same conducting strip to derive the effective magnetic moment of the probe. The knowledge of the phase-force gradient proportionality constant and the probe's effective moment is essential to directly quantify field derivatives in MFM images.
I. INTRODUCTION
Magnetic force microscopy ͑MFM͒ has become a standard diagnostic workhorse in understanding surface magnetism. In its basic implementation, the technique maps an image which is proportional to the local magnetostatic force gradient between a ferromagnetic sample and a magnetic probe. In an ideal case of a magnetic dipole probe, the force 
͑1͒
The image depends upon the direction of the probe's magnetic moment, and contains the contribution of the different components of the surface stray field. In practice, it is customary to premagnetize the probe along the surface normal direction, ẑ , which makes the contrast proportional to the second derivative of the normal magnetic field component. By using Eq. ͑1͒, it is possible to interpret the images and extract the values of some parameters, such as the transition lengths and zigzag deviation of recorded patterns, the width of the domain wall, and the direction of local surface magnetization of ferromagnetic surfaces, as well as other quantities that are dependent only on the spatial coordinates but are independent of the absolute magnitude of the interaction force. 2 The difficulty in establishing the absolute values of the interaction force arises since the proportionality constant, K p , between the measured oscillation phase, ⌬ and the force gradient,
is dependent upon the specific mechanical characteristics of the probe and its environment, and is generally unknown. In addition, the probe's effective magnetic moment, m appearing in Eq. ͑1͒ is also undetermined. Thus, without the knowledge of these two important probe-dependent parameters, Eq. ͑1͒ and Eq. ͑2͒ can only be taken as qualitative descriptions of the imaging contrast. Several research groups have attempted to calibrate the probe and provide estimates for tip-sample interaction force. Unfortunately, due to space constraints in this article, we refer the reader to the literature. Previous approaches have involved the imaging of a standardized system, such as a metal strip 3, 4 or single-crystal surfaces 5 or the usage of sophisticated methods to measure the magnetic moment of the probe and compare the acquired data with various models for the probe. 6, 7 There are, however, no methods that prescribe a self-contained calibration procedure of both the probe's mechanical and magnetic characteristics by utilizing only the measurements of the instrument itself. In this work, we propose a straightforward method for estimating K p and m z , thereby allowing a direct quantification of the MFM response. The basic concept uses the equivalence of the electrostatic ͑EFM͒ and magnetic interactions in generating the force gradients on a conducting metal strip. This was accomplished by imaging a test sample, an 11 m wide Au metal line on silicon, using EFM and MFM with the same probe.
II. EXPERIMENTAL RESULTS AND DISCUSSION
The relationship between the force gradient and phase in Eq. ͑2͒ with constant K p is valid as long as the scanned probe microscope ͑SPM͒ operates in a linear regime, which is tacitly assumed in our analysis. The force, F, could be due to either electrostatic or magnetostatic interactions. To determine K p , we obtained an EFM image of the test sample by biasing the metal structure at voltage V relative to the probe at ground and examined the dependence of the phase contrast versus bias voltage and height. Note that a regular MFM probe was used for this experiment, since the magnetic coating is also electrically conducting. A typical EFM image is shown in Fig. 1 
and the force gradient appearing in Eq. ͑2͒ can be expressed as
shows that the electrostatic force gradients and consequently the EFM images should vary as V 2 and its curvature and spatial variations are dependent only on the capacitance. This is experimentally verified in Fig. 2 , which shows the acquired images at different voltages and at a constant height. The contrast has been reversed using software in order to emphasize the changing magnitude of the force gradient. In this experiment, the same area of the sample was continuously scanned at a tip height of 50 nm, as the bias voltage was progressively incremented by 100 mV. The values of the maximum phase contrast in the range from 100 mV to 2 V is shown at the bottom of Fig. 2 . The fit to a quadratic function convincingly shows the V 2 dependence. As mentioned previously, all of the spatial variation in the electrostatic contrast is contained in the capacitance term so that the coefficient of the quadratic term in the fit is proportional to the second derivative of the capacitance with respect to z. Furthermore, since there are no dielectric materials in the gap region, the capacitance of the system depends only upon the geometrical arrangement.
To model the capacitance of the system, we considered the dependence of the image on the separation or the lift height, h, between the sample and probe. Figure 3 shows the variation of the image contrast at constant voltage, Vϭ1.8 V, as a function of the height, h. As in Fig. 2 , the same region was imaged repeatedly, as the lift height was incremented to the labeled values. The glitch separating each increment is an instrumental artifact and arises due to the finite response time of the feedback system. Nevertheless, the log-log plot of the maximum phase contrast versus h at the bottom of the image clearly shows the strong dependence of the phase image on h. The lines are various power law curves, and the best fit to the data is ⌬ϳh Ϫ1.9
. The nearly h Ϫ2 dependence suggests that the interaction between the sample and probe can be modeled as a finite area parallel plate capacitor.
III. ANALYSIS
The capacitance for a square parallel plate capacitor can be solved using the Schwarz transformation technique 8 and the second derivative with respect to the separation distance, h, is given by
where A is the effective surface area and R is the tip radius. In order to relate Eq. ͑5͒ with the parameters of the instrument, we assume that the apex of the pyramidal probe can be approximated by a square cross section of width ͱR. The first term in Eq. ͑5͒ is identified with an infinite plate capacitor (Rӷh), and the second term is due to the fringing effects of the field at the edges. It is clear that as the sample-probe separation, h tends to zero, Eq. ͑5͒ is dominated by the first term. However, the relative contribution of the fringe effects increases as 0.36(h/R), so that the fringing field contributes about 36% for Rϭh and significantly more for hӷR. This is precisely the reason why the phase contrast in Fig. 3 follows the h Ϫ2 power law rather than h Ϫ3 . Substituting Eq. ͑5͒ into Eq. ͑4͒, and using the result into Eq. ͑2͒, yields the explicit expression for the calibration for the parameter, K p .
where the numerator is the coefficient of the quadratic term of the data in Fig. 2 , and the denominator is calculated directly from the parameters: Rϭ40 nm, related to the effective tip curvature, and the lift height, hϭ50 nm. Inserting these numbers into Eq. ͑6͒ yields K p ϭ369 degs/ Newtons/m. Using this derived calibration constant, we can then calculate the effective probe moment along the z direction. In this case, we assume for convenience that the probe is nominally oriented along the z axis, so that only the z component of the surface stray fields contribute to the image. Again, we can make use of Eq. ͑1͒ and Eq. ͑2͒ to show that
We now image the same current strip at a specific current, and measure the change in phase. A representative image is shown in Fig. 1͑left͒ , where the bright and dark contrasts are most pronounced at the edges of the strip as expected for the maximum normal field component. The field from this nonferromagnetic current strip is well known and the field derivatives in Eq. ͑7͒ at a distance of hϭ50 nm and at a current of 11 mA is 5.5ϫ10 10 T/m 2 . Using this value with the maximum measured phase of 0.045 degrees in Fig. 1 ͑left͒, we obtain the effective moment for the probe, m z ϭ2.22 ϫ10 Ϫ15 A m 2 (2.22ϫ10 Ϫ12 emu). This value is consistent with previous estimates, 4, 6 albeit somewhat lower, which could be attributed to differences on the specific probes used. As a plausibility check, we can compute the magnetization of the probe by dividing m z with effective magnetic volume. If the effective volume is assumed to be that of a half-sphere (2/3R 3 ) with Rϭ40 nm ͑film thickness at 40 nm as well͒ then the magnetization is in excess of 18 000 emu/cc, which is much larger than the 400-800 emu/cm 3 remanent magnetization of the CoCr thin film coating. However, as pointed out by previous authors, 9 the actual magnetic volume can be considerably larger than the volume of the half sphere shell at the apex of tip. In this particular case, if the effective volume were to include magnetic material up to a distance of 200 nm from the apex, then we obtain M p ϭ586 emu/cc which is closer to the expected saturation magnetization of the CoCr coating.
In conclusion, the value of this calibration method is that the procedure is self-contained, and that all calibrations are derivable from the measurements themselves. It does not necessitate other sophisticated external measurements nor assumptions about the specific mechanical properties of the system. This will save considerable time and effort, and avoid the ever present doubt of whether the externally measured probe characteristics are invariant under actual operation. The procedure outlined in this paper, however, should be considered as an initial step that could be improved considerably. One area for improvement is the replacement of the analytical expression for the finite square area capacitor model with a more accurate numerical calculation involving the actual geometry of the pyramidal apex. This must be accompanied by a deconvolution procedure that takes into account the vertical excursion of the oscillating in the heightdependence measurements. Finally, it should be pointed out that while the calibration procedure here is carried out for phase-detection, a similar procedure can be performed for frequency or amplitude modes of force gradient mapping.
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